Radioisotope studies of bilirubin turnover, ferrokinetics, and red cell survival ( 51 Cr) in a patient with erythrocyte PK deficiency have provided evidence for prompt reticulocyte sequestration and destruction by the reticuloendothelial system. More mature erythrocytes appeared to survive well despite their deficiency of PK. PK-deficient reticulocytes, dependent upon oxidative phosphorylation for ATP production, are exquisitely sensitive to cyanide-or nitrogen-induced mitochondrial inhibition. If oxidative phosphorylation is unavailable, ATP levels decline rapidly, producing alterations in the cell membrane which allow massive losses of potassium and water. The result is a shrunken, spiculated, viscous cell whose rheologic properties would favor its sequestration by the reticuloendothelial system. Those reticulocytes with particularly low levels of PK exhibit very low glycolytic rates and thus are uniquely reliant upon oxidative phosphorylation. Other reticulocytes, better endowed with PK activity, can meet the increased ATP requirements of young erythrocytes. Upon reaching maturity, such cells have diminished ATP needs and can, therefore, survive despite their enzyme deficiency.
Received for publication 6 July 1970 and in revised form 9 November 1970. congenital nonspherocytic hemolytic anemia (1) . It has been postulated that aging of PK-deficient erythrocytes, which is associated with further attenuation of initially low levels of PK, rapidly renders such cells incapable of adequate glycolysis (1) . Unable to maintain ATP levels, the deficient erythrocyte would soon be destroyed. PK-deficient reticulocytes, by contrast, possess mitochondria and the enzymes of the Krebs cycle. It has been demonstrated that oxidative phosphorylation enables the PK-deficient reticulocyte to maintain ATP despite inadequate glycolysis (2) . With maturation, mitochondria are lost, and the cell then becomes doomed by its enzyme defect. Several observations suggest, however, that the PKdeficient reticulocyte may be more, rather than less, liable to destruction. Studies of young and old PKdeficient erythrocytes, separated by centrifugation and differentially labeled with either tCr or glycine-1'C, indicate that young PK-deficient erythrocytes may survive less well in vivo than more mature cells (3) . Splenectomy, often associated with improved erythrocyte survival, is also frequently attended by persistently increased reticulocyte numbers. Indeed the reticulocyte count may on occasion exceed 90% (4, 5) . The only reported examination of the spleen for reticulocytes revealed a marked increase in absolute numbers of reticulocytes in the splenic pulp of the single individual studied (6) . These observations indicate that the PKdeficient reticulocyte may be selectively sequestered in the spleen where they undergo irreversible damage and ultimately premature destruction.
This paper provides further evidence for enhanced reticulocyte destruction in PK deficiency. In one patient direct evidence for the presence of a rapidly destroyed pool of newly formed erythrocytes was obtained by studies of erythrocyte turnover utilizing 'Fe, bilirubin- 
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The Journal of Clinical Investigation Volume 50 1971 3H, and 51Cr-labeled erythrocytes. Cells that survived the reticulocyte stage then appeared to have a normal life span despite their deficiency of PK. The undue vulnerability of PK-deficient reticulocytes sequestered within the spleen was investigated in vitro by incubation of the blood of five splenectomized PK-deficient patients under conditions thought to stimulate certain features of the environment of the spleen. Physiological levels of hypoxia were found capable of severely compromising the metabolism of the PK-deficient reticulocyte, resulting in a cell with abnormal rheologic properties.
We have concluded from these studies that the limitation imposed by diminished erythrocyte PK activity depends upon the metabolic requirements of the cells in which the deficiency is present. Young red cells, whose metabolic requirements are greater than those of mature cells, appear to be considerably more sensitive to PK deficiency than are their more mature counterparts. Thus the absolute level of PK activity need not necessarilv influence the life span of the erythrocyte.
METHODS
Subljects. Blood was collected in preservative free heparin (0.1 mg/ml of blood) for in vitro studies from five PKdeficient patients. All had undergone splenectomy at least 6 months before study and had received no transfusions postsplenectomy. Isotope measurements of mean red cell life span were carried out on a sixth PK-deficient patient whose anemia was mild, and who consequently had not undergone splenectomy. Representative hematologic data are shown in Table I . Control blood was obtained from both pre-and postsplenectomy patients with reticulocytosis. A variety of hematologic disorders were represented: nutritional anemia responding to therapy, myeloid metaplasia, osteopetrosis, heriditary spherocytosis, autoimmune hemolytic anemia, G6PD deficiency, and hemolytic anemia of uncertain origin.
Materials. NADP, NADPH, ADP, ATP, aspartic acid, a-ketoglutaric acid, phosphoenolpyruvate, glucose-6-phosphate, malic dehydrogenase, and lactic acid dehydrogenase (rabbit muscle) were from Sigma Chemical Co., St. Louis, Mo. 3-Phosphoglyceraldehyde, 3-phosphoglycerate kinase, and glyceraldehyde-3-phosphate dehydrogenase were from California Corporation for Biochemical Research, Los Angeles, Calif. Bovine serum albumin was from Hyland Laboratories, Los Angeles, Calif. All other chemicals were of reagent grade.
Hemnatologic indices. Blood cell counts and hemoglobin content were determined with a Coulter model S electronic particle counter (Coulter Electronics, Inc., Hialeah, Fla.). Leukocyte counts were usually also carried out manually.
Reticulocytes were assessed by standard techniques (7) . Spiculated cells were assessed by counting 500 cells suspended in a pH 7.4 solution consisting of isotonic phosphate-buffered saline plus 1% albumin. Only small, dense cells with prominent spicules were classified as spiculated (see Fig. 8, panel D) .
In vivo studies of erythrocyte turnover. Survival of 5'Crlabeled autologous erythrocytes was measured according to the method of Read, Wilson, and Gardner (8) . Ferrokinetic and 'Fe in vivo organ radioactivity studies were carried out as described by Elminger, Huff, Tobias, and Lawrence (9) . The turnover of bilirubin in plasma was measured after intravenous infusion of tritiated bilirubin by the methods described by Berk, Howe, Bloomer, and Berlin (10).
Incubations. The blood samples were centrifuged for 10 min at 400 g. The plasma and buffy coat were removed by aspiration, and the plasma was then centrifuged for 15 min at 4500 g, the supernatant being put aside for later use in some experiments. The erythrocytes were thrice washed in Krebs-Henseleit buffer, pH 7.4, to which had been added glucose (final concentration 10 mmoles/liter) and bovine serum albumin (final concentration 1 g/100 ml). Any visable leukocytes were removed by aspiration, but care was taken to preserve the reticulocyte-rich top layer of erythrocytes. The washed erythrocytes were then suspended in a fresh aliquot of the washing buffer at a hematocrit of 20-30% and added to stoppered 10-or 25- (14) and G6PD (15) (20) .
Organ count rates ( Fig. 1 ) indicated the fate of the short-lived 'Fe-labeled cells. After infusion, labeled iron was rapidly taken up by the bone marrow and incorporated into erythrocytes, many of which were promptly released into the circulation. Splenic and liver radioactivity was high initially, reflecting the blood flow through these organs. As radioiron left the plasma and entered the marrow, radioactivity over the liver and spleen fell. In the first 3 days postinfusion splenic radio- In vitro studies Glycolysis in PK-deficient reticulocyte-rich blood.
Lactate production by PK-deficient and by control reticulocyte-rich blood is shown in Table IV . Incubation of PK-deficient blood, however, usually resulted in a fall in ATP concentration, whereas control ATP concentration remained unchanged. Mitochondrial inhibition induced by cyanide produced a profound decline in ATP in PK-deficient blood, whereas only a modest fall occurred in control blood. Fig. 2 depicts the rapidity of the observed decline in ATP. Within 40 min, base line values were reached. ATP also declined when PKdeficient blood was incubated under nitrogen, which indicates that this was not a unique effect of cyanide. These observations demonstrate the importance of oxidative phosphorylation to the PK-deficient reticulocyte for synthesis of ATP. They further emphasize the unique susceptibility of such cells to inhibition of oxidative phosphorylation, an observation first made by Keitt (2) .
Oxygen consumption by PK-deficient reticulocytes. Oxygen consumption was considerably increased in PK-deficient blood relative to that of reticulocyte-rich control blood (Table V) . If the lesion of PK deficiency was simulated in control reticulocyte-rich blood by the addition of fluoride, which is known to inhibit enolase (21) , an increase in oxygen consumption was observed. This indicated that oxidative phosphorylation pathways were potentially available in the control cells though they were normally little utilized.
As noted above the PK-deficient cell is dependent in part upon respiration. Its ATP content is vulnerable to inhibitors of oxidative phosphorylation such as hypoxia or cyanide. That such sensitivity is of physiologic importance is shown in Fig. 3 which demonstrates the relation between available oxygen and oxygen consumption by the reticulocyte-rich blood of two PKdeficient patients. At the Po2 of venous blood, oxygen consumption entirely disappeared. Prolonged exposure to venous Po2 levels in vivo would presumably also suppress oxidative metabolism upon which the PKdeficient reticulocyte depends.
Ion and water permeability of PK-deficient reticulocytes. When oxidative phosphorylation was unavailable to PK-deficient reticulocytes, profound losses of intracellular potassium occurred. In the experiments shown in Fig. 4 , either cyanide or hypoxia was used to inhibit oxidative phosphorylation. After a short lag period during which cellular ATP was depleted (Fig. 2) , a rapid efflux of intracellular potassium ensued. Within a few hours more than half of all intracellular potassium was lost from the cell. In contrast, control reticulocyte-rich cells incubated with cyanide lost no more than 2 mEq of potassium per liter of cells per hr. PK-deficient cells incubated without cyanide exhibited a modest potassium loss of several milliequivalents per hour as previously reported (19, 22) . The striking loss of potassium induced by cyanide in PK deficient blood could also be Cyanide induced potassium loss from PK-deficient cells could be reduced greatly by previous addition of EDTA to the medium. Addition of 10-' M ATP, however, had no effect on potassium loss nor did incubation in either a calcium-free or a calcium-and magnesiumfree buffer. EDTA had no effect on the inhibition of oxidative metabolism produced by cyanide or nitrogen in the erythrocytes of C.D. or M.P., nor did it prevent ATP depletion. The possibility that cyanide itself might have had an additional direct effect on the membrane was unlikely since incubation in a nitrogen atmosphere, without added inhibitors, was also capable of producing extreme potassium losses from susceptible cells. Furthermore, when the erythrocytes of M.P. were incubated in the simultaneous presence of both cyanide and nitrogen (shown in Fig. 4) , EDTA was still capable of preventing excess loss of potassium. Hemolysis during the incubation period was found to be less than 1 % when sequential measurements of supernatant hemoglobin were made. The observed cation changes were, therefore, largely prelytic. The appearance of the shrunken cells produced by incubation is shown in Fig. 5 . Two populations of erythrocytes were easily identified; one apparently normal and the other markedly shrunken. distorted. and spiculated. The rheology of PK-deficient reticulocyte-rich blood. In an attempt to understand the fate of shrunken spiculated PK-deficient cells in vivo, the rheology of such blood was studied in vitro. As shown in Fig. 6 , the whole blood viscosity of PK-deficient reticulocyte-rich blood closely resembled control values at all shear rates studied. Incubation with cyanide produced little change in the viscosity of reticulocyte-rich control blood but increased significantly (P 0.01) the viscosity of PK-deficient blood. The studies with cyanide shown in Fig. 6 were carried out on the blood of four patients at high shear rates where the degree of cell deformability or rigidity has a major influence on viscosity (24) . At lower shear rates where viscosity is largely determined by the aggregation tendencies of cells (25) , studies were obtained on only one patient (C.D.). C.E.'s blood viscosity was significantly increased at low as well as at high shear rates. Fig. 7 presents the results of millipore filtration studies. High reticulocyte control blood, both pre-and postsplenectomy, filtered rapidly and was not influenced by cyanide. Postsplenectomy PK-deficient blood filtered as well as control blood. A significant retardation of filtration was produced in PK-deficient blood by cyanide, however, and similar results were achieved by lowering the pH below 7. A modest reduction in filtration by acidification was also seen in three control blood samples. Centrifugation studies. It was possible to obtain by centrifugation a fairly homogeneous population of the shrunken, dense, spiculated cells produced by cyanide. survival of his '1Cr-labeled peripheral red cells (a finding reported previously in other PK-deficient patients [28, 29] , and additionally suggested for at least some of the cells in severely anemic PK patients by their biphasic 'Cr survival curves), there was clear cut evidence from 'Fe and bilirubin-3H studies of destruction of a large proportion of the newly formed erythrocytes of this patient. The 'Fe organ scans showed that the spleen and liver were major sites of death of the newly formed cells and additionally suggested, as had previous studies, that initial splenic sequestration was followed by terminal destruction in the liver.
The in vitro studies were designed to investigate the metabolic basis of reticulocyte vulnerability in PK de- (18) , incubation of PK-deficient cells in buffers below pH 7.0 resulted in markedly decreased filterability. Therefore, it seems clear that a prolonged encounter with the static, anoxic, and acidic venous system in the splenic pulp (32) , would lead in vivo to the unfavorable consequences that we have described in vitro.
The final set of experiments reported in this paper provided further confirmation of the vulnerability of PK-deficient reticulocytes to inhibition of respiration. When the shrunken, spiculated cells produced by cyanide were collected by centrifugation, they proved to be largely reticulocytes. The PK activity of the spiculated, bottom fraction was particularly low relative to the high percentage of reticulocytes present, which suggests that there may be heterogeneity of the PK content of newly formed reticulocytes. Those with exceptionally low PK activity would, by virtue of their extremely low glycolytic rates, be highly susceptible to mitochondrial inhibition. Reincubation of these cells in a high potassium medium permitted them to regain water and potassium, presumably by passive diffusion. Despite the use of adenosine as substrate in order to bypass the ATP-dependent hexokinase and phosphofructokinase reactions, the glycolytic rates of bottom layer cells were severely limited, and their 2,3-DPG levels were markedly increased.
We conclude from all these data that PK reticulocytes may in fact vary in their levels of PK activity. As the PK activity in a reticulocyte approaches a critically low level, the ATP production of the cell becomes dependent upon mitochondrial metabolism. When such cells emerge from the marrow, they may be detained by the spleen. There, the Po2 of the splenic pulp blood is insufficient for the maintenance of reticulocyte mitochondrial metabolism. ATP levels fall rapidly, and the cell loses both potassium and water. It becomes dehydrated, viscous, and spiculated and is either destroyed in the spleen or, if it emerges from that organ is so compromised that it is soon destroyed in the liver. Some inhibition of cell respiration may occur. As PK reticulocytes mature, they lose mitochondria, but their demands
